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ABSTRACT 
A number of a s p e c t s  of t h e  d i f f u s i o n  of z i n c  i n t o  ga l l ium phosphide  
o r  a r s e n i d e  c a n  b e  u s e f u l l y  d i s c u s s e d  i n  terms- of t h e  t e r n a r y  p h a s e  d i a -  
grams. I n  t h e   a b s e n c e   o f  s u f f i c i e n t  exper imenta l   da ta   an   approximate  
t h e o r y  h a s  t o  be used t o  c a l c u l a t e  t h e  r e l e v a n t  p a r t s  o f  t h e  p h a s e  d i a -  
gram.  Using t h e  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  b i n a r y  s y s t e m  Ga-As deduced 
by  Thurmond  and  assuming t h a t  t h e s e  c o e f f i c i e n t s  a r e  i n s e n s i t i v e  t o  t e m -  
p e r a t u r e  c h a n g e  a n d  t o  t h e  r e p l a c e m e n t  of g a l l i u m  b y  z i n c ,  i t  is p o s s i b l e  
t o  c a l c u l a t e  tl1.e p o s i t i o n  o f  t h e  l i q u i d u s  s u r f a c e  i n  t h e  Ga-As-Zn t e r n a r y .  
This  is i n  r easonab le  ag reemen t  wi th  the  expe r imen ta l  da t a  o f  Kijster and 
U l r i c h .   U s i n g   t h e  same approach it  is  t h e n  p o s s i b l e  t o  c a l c u l a t e  t h e  
p o s i t i o n  o f  t h e  l i q u i d u s  s u r f a c e  o n  t h e  Ga-P-Zn t e r n a r y ,  a n d  a l s o  t o  
e s t i m a t e   a r s e n i c   o r   p h o s p h o r u s   p r e s s u r e s   o v e r   t h e   l i q u i d u s   s u r f a c e .   U s i n g  
t h e s e  r e s u l t s  i t  i s  t h e n  p o s s i b l e  t o  ca lcu la te   thermodynamic   parameters  
s u c h  a s  t h e  p r e s s u r e s  of the  components  over  the  s y s t e m  i n  terms of ex- 
per imenta l  quant i t ies  such  as  the  weights  of  the  components  and  the  volume 
o f   t h e  s y s t e m .  The  Phase  Rule is a p p l i e d  t o  e a c h  r e g i o n  of t h e  t e r n a r y  
p h a s e  d i a g r a m  t o  d e t e r m i n e  t h e  number of degrees   of   f reedom, i . e . ,  t h e  
number of expe r imen ta l   pa rame te r s   wh ich   a r e   i ndependen t ly   va r i ab le .  A 
v a r i e t y  o f  p u b l i s h e d  e x p e r i m e n t s  o n  d i f f u s i o n  a n d  c r y s t a l  g r o w t h  a r e  d e -  
s c r i b e d  i n  terms of t h e  p h a s e  d i a g r a m  a n d  i n  t h i s  way t h e i r  r e s u l t s  c a n  
be c o r r e l a t e d .  Some p r a c t i c a l   a p p l i c a t i o n s   a r e   i n d i c a t e d .   F o r   i n s t a n c e ,  
the  Phase  Rule  may be used t o  choose  reg ions  of the  phase  d iagram which  
have   advan tages   i n   manufac tu r ing   p rocesses .  The numer i ca l   da t a   a l l ow  one  
t o  choose  expe r imen ta l  pa rame te r s  so  t h a t  t h e  s y s t e m  w i l l  l i e  i n  t h e  
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I .  INTRODUCTION 
A b ina ry  semiconduc t ing  compound doped with a s i n g l e  i m p u r i t y  c o n -  
s t i t u t e s  a three-component  thermodynamic system and as  such displays 
considerably more complex behavior  than an elemental  semiconductor  with 
a s i n g l e   d o p a n t .   I n  many c a s e s  t h i s  c o m p l e x i t y  may not   be  immediately 
a p p a r e n t  s i n c e  t h e  compound may e x h i b i t  d e p a r t u r e s  f r o m  s t o i c h i o m e t r y  
w h i c h  a r e  s m a l l  c o m p a r e d  w i t h  t h e  d o p i n g  l e v e l  u s e d ,  a n d  i n  some circum- 
s t a n c e s  it  may t h e r e f o r e  b e  p o s s i b l e  t o  t r e a t  t h e  s y s t e m  a s  b e i n g  q u a s i -  
b i n a r y .  However, t h i s   a p p r o a c h  is o f t e n   i n a d e q u a t e .   T h i s   r e p o r t   s h o w s  
how the  the rmodynamic  desc r ip t ion  o f  t e rna ry  s y s t e m s  can  p rov ide  a con- 
c e p t u a l   f r a m e w o r k   w i t h i n   w h i c h   t o   o r d e r   e x p e r i m e n t a l   r e s u l t s .   A l t h o u g h  
t h e  i d e a s  p r e s e n t e d  a r e  g e n e r a l  t o  a n y  d o p e d  b i n a r y  compound, w e  w i l l  
restrict  o u r s e l v e s  t o  a d i s c u s s i o n  o f  t h e  Ga-P-Zn and Ga-As-Zn s y s t e m s  
s i n c e  t h e s e  a r e  i m p o r t a n t  i n  t h e  s e m i c o n d u c t o r  f i e l d  and t h e r e  a r e  some 
e x p e r i m e n t a l   d a t a   t o   h a n d .   M o r e o v e r ,   t h e s e   a r e  good i l l u s t r a t i v e  s y s t e m s  
s i n c e  t h e y  d i s p l a y  a number  of d i f f e r e n t  t y p e s  o f  b e h a v i o r  o f  i n t e r e s t .  
To b e  c o n c r e t e ,  s u p p o s e  w e  want t o  d i f f u s e  z i n c  i n t o  g a l l i u m  p h o s p h i d e ,  
o r   t o  grow z i n c - d o p e d  g a l l i u m  p h o s p h i d e  c r y s t a l s  by d i s s o l v i n g  p h o s p h o r u s  
a n d  z i n c  i n  g a l l i u m  a n d  t h e n  c o o l i n g  t h e  s o l u t i o n ,  or t o  perform any 
s i m i l a r   e x p e r i m e n t   i n   w h i c h   g a l l i u m ,   p h o s p h o r u s   ( o r   a r s e n i c ) ,   a n d   z i n c  
a r e   b r o u g h t   t o g e t h e r   i n  a c l o s e d   t u b e .  The r e a d i l y   a c c e s s i b l e   e x p e r i m e n t a l  
parameters  a re  the  weights  of  the  var ious  components  and  the  volume of  the  
t u b e ,  a n d  t h e s e  a r e  t h e  p a r a m e t e r s  w i t h  w h i c h  a device manufacturer  would 
p r e f e r  t o  c h a r a c t e r i z e  a p r o c e s s .   U n f o r t u n a t e l y   t h e r e   a r e   n o   s i m p l e  re- 
l a t  i o n s  b e t w e e n  t h e s e  q u a n t i t i e s  a n d  s u c h  q u a n t i t i e s  o f  i n t e r e s t  a s  t h e  
s o l u b i l i t y  o f  z i n c  i n  g a l l i u m  p h o s p h i d e  u n d e r  t h e  c o n d i t i o n s  o f  t h e  e x -  
pe r imen t ,  or t h e  l a t t i c e  d e f e c t  c o n c e n t r a t  i o n s ,  or t h e  amount of s u r f a c e  
a t t a c k  i n  a d i f f u s i o n   e x p e r i m e n t .   T h i s  is b e c a u s e   t h e   z i n c ,  for example,  
may b e  p a r t l y  i n  t h e  v a p o r  p h a s e  a n d  p a r t l y  i n  a l i qu id  phase ,  and  wi thou t  
f u r t h e r  i n f o r m a t i o n  it is n o t  p o s s i b l e  t o  c a l c u l a t e  i t s  r a t i o  i n  t h e  two 
phases .  I t  i s  n e c e s s a r y   t o   i n t r o d u c e   a s   i n t e r m e d i a t e s   t h e   t h e r m o d y n a m i c  
v a r i a b l e s ,  n a m e l y  t h e  p a r t i a l  p r e s s u r e s  of t he  componen t s ,  t he  concen t r a -  
t i o n s  o f  t h e  c o m p o n e n t s  i n  t h e  v a r i o u s  p h a s e s ,  and s o  on,  and t o  d e s c r i b e  
t h e  e x p e r i m e n t a l  r e s u l t s  a s  f u n c t i o n s  o f  t h e s e  v a r i a b l e s .  
- 1 -  
In t h i s  r e p o r t  some r e s u l t s  o f  t h e  t h e o r y  o f  e q u i l i b r i u m  t h e r m o d y n a m i c s  
w i l l  be  used ,  bu t  many of t h e  a p p l i c a t i o n s  c o n s i d e r e d  w i l l  b e  d i f f u s i o n  
p r o c e s s e s   w h i c h   a r e   n o t   e q u i l i b r i u m   s i t u a t i o n s .   H o w e v e r ,   i n  a t y p i c a l  
d i f f u s i o n   e x p e r i m e n t   t h e r e   a r e  a r a t h e r  l a r g e  number  of  experimental  
p a r a m e t e r s  a v a i l a b l e ,  a n d  t o  s i m p l i f y  t h e  s y s t e m  o n e  tr ies t o  select 
c o n d i t i o n s  s u c h  t h a t  many p a r t s  of t h e  s y s t e m  a r e  i n  e q u i l i b r i u m  w i t h  
e a c h  o t h e r  a n d  t h a t  t h e  c h a n g e s  b r o u g h t  a b o u t  b y  t h e  d i f f u s i o n  h a v e  a 
n e g l i g i b l e   e f f e c t  on t h i s   e q u i l i b r i u m   s t a t e ,   F o r   i n s t a n c e ,   i f   z i n c  is 
d i f f u s e d  i n t o  g a l l i u m  p h o s p h i d e  i n  a c losed  ampou le  unde r  cond i t ions  in  
which a l i q u i d  p h a s e  i s  p r e s e n t ,  t h e n  t h e  times and q u a n t i t i e s  i n v o l v e d  
a r e  u s u a l l y  s u c h  t h a t  z i n c  v a p o r  is i n  e q u i l i b r i u m  w i t h  t h e  l i q u i d  p h a s e ,  
t h e  amount  of z i n c  d i f f u s i n g  i n t o  t h e  s o l i d  g a l l i u m  p h o s p h i d e  is so  s m a l l  
t h a t  it has  a n e g l i g i b l e  e f f e c t  on t h e  z i n c  v a p o r  p r e s s u r e ,  and t h e  s u r -  
f a c e  o f  t h e  g a l l i u m  p h o s p h i d e  i s  a p p r o x i m a t e l y  i n  e q u i l i b r i u m  w i t h  t h e  
vapor  and  l iqu id  phases  s o  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  of z i n c  i n  
g a l l i u m  p h o s p h i d e  c a n  b e  t a k e n  t o  b e  t h e  s o l u b i l i t y  u n d e r  t h e  c o n d i t i o n s  
of the   exper iment .   Moreover ,  i t  o f t e n   h a p p e n s   t h a t   l a t t i c e   d e f e c t s   d i f -  
f u s e  much more r a p i d l y  t h a n  t h e  i m p u r i t y  so t h a t  t h e y  c a n  a l s o  be t a k e n  
t o  b e  i n  t h e  e q u i l i b r i u m  s t a t e ,  or  c o n v e r s e l y  i t  may happen t h a t  t h e  i m -  
p u r i t y  d i f f u s e s  so r a p i d l y  t h a t  t h e  l a t t i c e  d e f e c t s  c a n  b e  r e g a r d e d  a s  
b e i n g  f i x e d .  
An i n v e s t i g a t i o n  o f  a s y s t e m  o f  t h e  t y p e  t o  b e  c o n s i d e r e d  w i l l  t h e r e -  
f o r e  c o n s i s t  of t h r e e  s t a g e s  : 
1. F ind ing   wh ich   pa r t s   o f   t he  s y s t e m  c a n  b e  t r e a t e d  a s  b e i n g  i n  
equ i l ib r ium,  and  wh ich  pa r t s  can  be  t r ea t ed  a s  be ing  unchanged  
du r ing  an  expe r imen t .  
2 .  D e t e r m i n i n g   t h e   r e l a t i o n s   b e t w e e n   t h e   e x p e r i m e n t a l l y   a v a i l a b l e  
parameters  and the thermodynamic parameters .  
3 .  D e t e r m i n i n g   t h e   r e l a t i o n s   b e t w e e n   t h e   t h e r m o d y n a m i c   p a r a m e t e r s  
and t h e  f i n a l  q u a n t i t i e s  o f  i n t e r e s t  ( s o l u b i l i t i e s ,  e t c .  ) . 
S t a g e  3 h a s  b e e n  i n v e s t i g a t e d  b y  P r o f .  P e a r s o n  a n d  h i s  s t u d e n t s ,  
n o t a b l y  Chang [ R e f .  1 1 ,  and  by  Longini  [Ref.  21, McCaldin  [Ref. 31 ,  and 
o t h e r s .   S t a g e  2 is t h e   s u b j e c t   o f   t h i s   r e p o r t .   S t   a g e  1 has   no t   r ece ived  
t h e   a t   t e n t   i o n  it  d e s e r v e s .  
The approach  adopted  here  w i l l  be t h a t  o f  e s t a b l i s h i n g  t h e  main f e a -  
t u r e s  o f  t h e  t e r n a r y  p h a s e  d i a g r a m  a n d  m a k i n g  t h i s  q u a n t i t a t i v e  i n  so f a r  




a s   p r e s e n t l y   a v a i l a b l e   d a t a   a l l o w .   S i n c e   t h e r e   a r e   s e v e r a l   t h e r m o d y n a m i c  
v a r i a b l e s ,  t h e r e  a r e  a l a r g e  number  of r e l a t ionsh ips  wh ich  can  be  exp lo red  
expe r imen ta l ly :   t he   phase   d i ag ram is a convenient   method  of   demonstrat ing 
the  connec t ion  be tween  va r ious  types  of experiments which have been per- 
fo rmed .   In   add i t ion ,  a quan t i t a t ive   knowledge  of t he   phase   d i ag ram  a l lows  
us t o  c a l c u l a t e  s e v e r a l  q u a n t i t i e s  o f  p r a c t i c a l  i m p o r t a n c e .  
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11. THE  TERNARY  PHASE DIAGRAM 
A .  INTRODUCTION 
In  a t e r n a r y  s y s t e m  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of the components  can 
be   r ep resen ted   on  a t r i angu la r   d i a ' g ram.  We a d o p t   t h e   c o n v e n t i o n   t h a t   t h e  
c o n c e n t r a t i o n s  r e f e r  t o  the   condensed   phases   on ly ,   The   vapor   composi t ions  
a r e  t h e n  r e p r e s e n t e d  by t h e  p a r t i a l  p r e s s u r e s  of the components ,  which 
a r e  t o  b e   s p e c i f i e d   a t   e a c h   p o i n t   o n   t h e   d i a g r a m .   I n   p r i n c i p l e   t h e  com- 
p l e t e  d i a g r a m  c a n  be r e p r e s e n t e d  i n  a s p a c e  o f  s i x  d i m e n s i o n s ,  t w o  f o r  
t h e  c o n d e n s e d  p h a s e  c o m p o s i t i o n s ,  o n e  f o r  t e m p e r a t u r e ,  a n d  t h r e e  f o r  t h e  
p a r t i a l  p r e s s u r e s  ( n e g l e c t i n g  r e a c t  i o n s  i n  t h e  v a p o r  p h a s e )  . In  many 
e x p e r i m e n t s  t h e  v a r i a t i o n  o f  o n e  p a r a m e t e r  w i t h  a n o t h e r  is i n v e s t i g a t e d  
and i f  t h i s  v a r i a t i o n  i s  represented  by  a c u r v e ,  t h e n  t h e  c u r v e  w i l l  map 
a c r o s s - s e c t i o n   o f   t h i s   m u l t i d i m e n s i o n a l   s p a c e .   O b v i o u s l y   t h e r e   a r e  many 
d i f f e r e n t  t y p e s  o f  c r o s s - s e c t i o n ,  b u t  b y  c o n s i d e r i n g  t h e m  w i t h i n  t h e  
framework  of  the  phase  diagram i t  is  e a s y  t o  see the  connec t ion  be tween  
d i f f e r e n t  e x p e r i m e n t s .  
Of  c o u r s e ,  i n  p r a c t i c e ,  o n e  u s e s  a diagram  on a shee t   o f   pape r ,   and  
t h e  d i a g r a m  i s  t h e n  e i t h e r  a two-dimens iona l  c ross -sec t ion  of t h e  m u l t i -  
d imens iona l  space  or a p r o j e c t i o n  o f  t h e  s p a c e  o n t o  o n e  of i t s  p l a n e s  a s  
i n  a geograph ica l  map. 
B .  THE Ga-As-Zn LIQUIDUS - EXPERIMENT 
Koster and   U l r i ch   [Ref .  41 h a v e  d e t e r m i n e d  t h e  l i q u i d u s  s u r f a c e  f o r  
t h e  Ga-As-Zn sys tem.  They d i d  t h i s  by put t ing   weighted   amounts   o f   Ga ,  A s ,  
and Zn in to  c losed  ampoules  which  were t h e n  h e a t e d  t o  a h i g h  t e m p e r a t u r e .  
The ampoules were coo led  and  the  t empera tu re  a t  wh ich  a s o l i d  p h a s e  f i r s t  
formed was f o u n d   b y   d i f f e r e n t i a l   t h e r m a l   a n a l y s i s .  They u s e d   q u a n t i t i e s  
of the components which were n e a r l y  s u f f i c i e n t  t o  f i l l  t h e  ampoule so t h e  
amounts  of t h e  c o m p o n e n t s  i n  t h e  l i q u i d  p h a s e  were a p p r o x i m a t e l y  e q u a l  t o  
t h e  amounts   pu t   in to   the   ampoule .  An e s t i m a t e  was made of t h e  amounts  of 
t h e  components i n  t h e  v a p o r  p h a s e  a n d  a c o r r e c t i o n  was made f o r  t h i s ,  b u t  
u n d e r   t h e i r   c o n d i t i o n s   t h e   c o r r e c t i o n  was s m a l l ,   T h i s   p r o c e d u r e  i s  haz- 
a r d o u s  s i n c e  h i g h  p r e s s u r e s  o c c u r  i n  some reg ions  o f  t he  d i ag ram bu t  
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d e s p i t e  t h e  d i f f i c u l t i e s  t h e  s c a t t e r  i n  t h e  e x p e r i m e n t a l  d a t a  is s m a l l .  
With t h i s  a p p r o a c h  it  w o u l d  b e  t e d i o u s  t o  c o v e r  many p o i n t s  i n  t h e  com- 
p o s i t i o n  d i a g r a m  s o  Koster a n d  U l r i c h  e x p l o r e d  t h e  GaAs-Zn, GaAs-Zn A s  3 2  
and GaAs-ZnAs p s e u d o - b i n a r y   l i n e s ,   u s e d   t h e   p u b l i s h e d  Ga-As and Zn-As 
p h a s e   d i a g r a m s ,   a n d   t h e n   i n t e r p o l a t e d   o v e r   t h e   c o m p o s i t i o n   f i e l d .   T h e i r  
diagram is reproduced i n  F i g .  1. If w e  c o n s i d e r  a p r i s m  w i t h  t h e  compo- 
s i t i o n  t r i a n g l e  a s  i t s  b a s e  a n d  w i t h  t e m p e r a t u r e  a s  t h e  v e r t i c a l  s c a l e ,  
t h e  l i q u i d u s  w i l l  be a s u r f a c e  w i t h i n  t h e  p r i s m :  F i g .  1 is a c o n t o u r  map 
of t h i s  s u r f a c e .  Over t h e   t e m p e r a t u r e   r a n g e  750 "C - 1238 OC i t  c o n s i s t s  
of t w o  i n t e r s e c t i n g  h a l f - c o n e s ,  o n e  c e n t e r e d  o n  GaAs and t h e  o t h e r  on 
2 
Zn A s  3 2' 
Ga 
G ~ A S  
bAs 
FIG, 1. LIQUIDUS  I OTHERMS I N  THE Ga-As-Zn SYSTEM  FROM 
THE EXPERIMENTS OF KOSTER AND ULRICH. 
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C .  THE Ga-As-Zn LIQUIDUS - THEORY 
S i n c e  t h e r e  .is n o  g e n e r a l l y  a p p l i c a b l e  t h e o r y  b y  w h i c h  t e r n a r y  p h a s e  
b o u n d a r i e s  c a n  b e  c a l c u l a t e d ,  w e  must  proceed on an ad hoc basis .  
C o n s i d e r   t h e   b i n a r y  Ga-As sys tem.  When s o l i d  G a A s ,  a vapor   phase ,  
and a l i q u i d  p h a s e  a r e  i n  e q u i l i b r i u m ,  a s  t h e y  a r e  o n  t h e  l i q u i d u s  s u r -  
f a c e ,  t h e  f o l l o w i n g  e q u a t i o n  may b e  w r i t t e n  down f o r  t h e  f o r m a t i o n  o f  
s o l i d  GaAs from the gaseous components :  
Ga + - A s  Z GaAs 1 
g 4 4  S 
g 
S i n c e  t h e  d e p a r t u r e  f r o m  s t o i c h i o m e t r y  is s m a l l  f o r  GaAs, t h e  mass a c t i o n  
e q u a t i o n  c a n  b e  w r i t t e n :  
where P is t h e   p a r t i a l   p r e s s u r e   o f  a and K1 is t h e   q u i l i b r i u m  




where Xa is t h e   a t o m i c   f r a c t i o n  of a i n   t h e   l i q u i d   p h a s e  and Po i s  
t h e   v a p o r   p r e s s u r e  of p u r e   l i q u i d  a .  Then, 
a 
P P  1 /4 
Ga A s 4  
'GaXGa 'As 'As = , 1 7 4  = K2(T) , 
PO  PO 
Ga A s 4  
- 6 -  
I 
6 
Equat ion  ( 5 )  is a mass a c t i o n  l a w  f o r  f o r m a t i o n  o f  s o l i d  GaAs f r o m  t h e  
l i q u i d  p h a s e .  
Thurmond [Ref .  51 has  examined  the  thermodynamic  data   avai lable  for  
GaAs ( t h e   l i q u i d u s   c u r v e ,   d e c o m p o s i t i o n   p r e s s u r e ,   s p e c i f i c   h e a t s ,  e tc . )  
and   has   deduced   va lues   for  K1(T) and t h e   a c t i v i t y   c o e f f i c i e n t s  y .  
T h e   c o e f f i c i e n t s  y a r e   f u n c t i o n s  of t h e   c o n c e n t r a t i o n s  X and  of 
t empera tu re ,  i . e . ,  ya = ya( Xa, T) , b u t  i n  a b i n a r y  s y s t e m  t h e r e  is  a 
re la t ion  be tween composi t ion  and  tempera ture  which  i s  e x p r e s s e d  b y  t h e  
l i q u i d u s  l i n e ,  so  t h e r e  is o n l y   o n e   i n d e p e n d e n t   v a r i a b l e .   A l s o   b y   d e f i n i -  
t i o n  X + X = 1. 
Ga A s  
I n  t h e  t e r n a r y  s y s t e m ,  t h e  mass a c t i o n  Eq. (5 )  can s t i l l  b e  w r i t t e n  
down.  However, t h e   c o n s e r v a t i o n   c o n d i t i o n  i s  now + x  + x  = l .  
I n   a d d i t i o n   t h e   l i q u i d u s  is a s u r f a c e  s o  t h a t  i n  TCY = Ya(XCY? T) t h e  
v a r i a b l e s  X and T a r e   i n d e p e n d e n t .  
'Ga A s  Zn 
CY 
We now make t h e  a p p r o x i m a t i o n  t h a t  t h e  a c t i v i t y  c o e f f i c i e n t s  o f  g a l l i u m  
and  of a r s e n i c  i n  t h e  t e r n a r y  l i q u i d  a r e  f u n c t i o n s  o f  t h e  a r s e n i c  c o n t e n t  
on ly .   Th i s   app rox ima t ion  is based  on  two  assumptions: 
1. For a g i v e n   a r s e n i c   c o n c e n t r a t i o n   t h e   a c t i v i t y   c o e f f i c i e n t s   a r e  
nea r ly   i ndependen t   o f   t empera tu re ,   S ince   i n   t he  Ga-As-Zn and 
Ga-P-Zn s y s t e m s  w e  a r e  u s u a l l y  c o n c e r n e d  w i t h  a t empera tu re  r ange  
of 300 O K ,  w h i l e  t h e  a b s o l u t e  t e m p e r a t u r e  is around  1200 O K ,  t h i s  
assumption is n o t  t o o  extreme. 
2 .   Z inc   and   ga l l i um  a toms   have   s imi l a r   behav io r  i n  t h e  l i q u i d .   T h i s  
assumption is  more d i f f i c u l t  t o  j u s t i f y ,  a l t h o u g h  it may be  noted 
t h a t  Zn-Ga l i q u i d  a l l o y s  d o  n o t  show gross depar tures   f rom  regu-  
l a r i t y ,   e x c e p t   a t   h i g h   z i n c   c o n c e n t r a t i o n s  [ R e f .  6 1 .  
The procedure  is now s imple .   F igu re  2 shows t h e  a c t i v i t y  c o e f f i c i e n t s  
y deduced by  Thurmond. From t h e   b i n a r y   l i q u i d u s   a n d   F i g .  2 i t  is p o s s i b l e  
t o   f i n d   t h e   e q u i l i b r i u m   c o n s t a n t  K2 of  Eq. ( 5 )  a s  a func t ion   of   t empera-  
t u r e .  A t  a g iven   t empera tu re   fo r   any   va lue   o f  w e  c a n  t a k e  'As ' 'Ga 
Ga  'Ga and YAs f rom  F ig .  2 a n d   t h u s   f i n d  X from  Eq. (5 )  . Knowing 
and XA, w e  f i n d  f r o m   t h e   c o n s e r v a t i o n   c o n d i t i o n .   I n   t h i s   w a y ,  
by va ry ing  w e  c a n  t r a c e  o u t  t h e  t e r n a r y  l i q u i d u s  l i n e  a n d  by  r epea t -  
i n g  t h e  p r o c e s s  a t  d i f f e r e n t  t e m p e r a t u r e s  w e  c a n  t r a c e  o u t  t h a t  p a r t  of 
t h e  l i q u i d u s  s u r f a c e  w h i c h  c o r r e s p o n d s  t o  t h e  p r e s e n c e  o f  s o l i d  GaAs. 
'Zn 
'As 
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FIG. 2 .  ACTIVITY  COEFFICIENTS OF  GALLIUM AND ARSENIC 
ALONG THE Ga-As BINARY LIQUIDUS, ACCORDING TO 
THURMOND . 
B e l o w  1015 " C  t h e  ZngAs2 p h a s e  a p p e a r s  o v e r  p a r t  o f  t h e  c o n s t i t u t i o n  
d i a g r a m .   F o r   t h a t   p a r t  of t h e   l i q u i d u s   c o r r e s p o n d i n g  t o  t h e   p r e s e n c e  of 
t h i s   p h a s e ,  a s i m i l a r   p r o c e d u r e   h a s   b e e n   a d o p t e d .  The r eac t ion   o f   fo rma-  
t i o n  from t he   gas   phase  is  : 
3Zn + - A s  = Zn A s  1 2 4  3 2 '  
w i t h  a mass a c t i o n  e q u a t i o n :  
3 1/2 
'ZnPAs4 K3 . 
S i n c e  w e  h a v e  n o  i n f o r m a t i o n  c o n c e r n i n g  a c t i v i t i e s  a n d  s i n c e  t h e  compo- 
s i t i o n  r a n g e  is s h o r t  a t  t e m p e r a t u r e s  of i n t e r e s t  h e r e ,  w e  assume t h a t ,  
f o r   t h e   z i n c - r i c h   s i d e   o f   t h e   l i q u i d u s ,   z i n c   o b e y s   R a o u l t ' s   l a w  ( P  0: X ) Zn  Zn 
and   r sen ic   obeys  Henry ' s   l aw , s o  one   has  
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for  the  liquidus. 
Below  771 OC a ZnAs2  phase  appears but 
scarce  in  this part of the  phase  diagram. 
experimental  information is 
Since  in  diffusion  and  crystal 
growth  experiments  one  normally  works at  higher temperatures,  this  phase 
will not  be considered . 
The  results of the  calculations  are  shown  in  Fig. 3 together  with 
points  obtained  from  Kaster  and  Ulrich's  pseudo-binary data. It will be 
seen  that  agreement  between  experiment  and  theory  is  good  over  most  of 
the region  considered, An  exception is the 1200 OC isotherm. However, 
an examination of Koster  and  Ulrich's  data  shows  that the experimental 
point which is  furthest  from the  curve is the  one  which is most sensitive 
to  a  small  error  in  the  thermal  arrest  temperature. 
FIG, 3. THEORETICAL LIQUIDUS  ISOTHERMS  IN THE Ga-As-Zn 
SYSTEM.  Crosses  are  interpolated  points  from  the  experi- 
mental  data of Koster  and  Ulrich. 
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D. THE Ga-P-Zn  LIQUIDUS - THEORY 
S ince  ou r  s imple  approx ima te  theo ry  g ives  a r e a s o n a b l y  g o o d  d e s c r i p -  
t i o n  o f  t h e  t e r n a r y  l i q u i d u s  o f  Ga-As-Zn, s t a r t i n g  o u t  from i n f o r m a t i o n  
c o n c e r n i n g  o n l y  t h e  b i n a r y  s y s t e m s ,  w e  c a n  a p p l y  t h e  same  method t o  t h e  
Ga-P-Zn sys t em wi th  some c o n f i d e n c e ,  The b i n a r y  Ga-P system  has  been 
e x t e n s i v e l y   s t u d i e d  by  Thurmond [ R e f ,  51. A s  b e f o r e ,  w e  u s e   t h e  Ga-P 
b i n a r y  l i q u i d u s ,  t h e  a c t i v i t y  c o e f f i c i e n t s  d e t e r m i n e d  f r o m  t h e  b i n a r y  
sys t em  (F ig .  4 ) ,  a n d  t h e  a p p r o x i m a t i o n  t h a t  t h e  a c t i v i t y  c o e f f i c i e n t s  
a r e   f u n c t i o n s   o f  X o n l y .  The r e s u l t s  of t h e   c a l c u l a t i o n   a r e  shown 
i n   F i g .  5 .  A s  y e t  w e  have   no   expe r imen ta l   da t a   fo r   compar i son .  The t e m -  
p e r a t u r e s  c o n s i d e r e d  h e r e  a r e  a b o v e  t h e  m e l t i n g  p o i n t s  o f  Zn P and ZnP 3 2  2 ’  
s o  the  phase  d i ag ram is s i m p l e r  t h a n  i n  t h e  Ga-As-Zn sys tem.  
P 
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F I G .  5 .  T H E O R E T I C A L   I Q U I D U S   I S O T H E R M S   I N   T H E  Ga-P-Zn SYSTEM.  
E .  PRESSURE O F  PHOSPHORUS OR A R S E N I C  ON THE  LIQUIDUS  URFACE - THEORY 
U s i n g  o u r  b a s i c  a p p r o x i m a t i o n  c o n c e r n i n g  a c t i v i t y  c o e f f i c i e n t s ,  i t  
is  p o s s i b l e  t o  e s t i m a t e  t h e  p h o s p h o r u s  o r  a r s e n i c  p r e s s u r e s  o v e r  t h e  
l i q u i d u s  by  us ing  the  set o f  equa t ions :  
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These  equa t ions  follow from t h e  d e f i n i t i o n  of t h e  a c t i v i t y  c o e f f i c i e n t s  
exempl i f i ed   by  Eq. (3). Values of t h e  p r e s s u r e  o f  a r s e n i c  o v e r  p u r e  
l i q u i d  a r s e n i c  were t a k e n  from Thurmond's  paper  [Ref .  51,  while  values  
o f  t h e  p r e s s u r e  of phosphorus  over  pure  l iqu id  phosphorus  were taken  f rom 
t h e  JANAF t a b l e s   [ R e f .   7 1 .   C a l c u l a t e d   c u r v e s   o f   t h e   p a r t i a l   p r e s s u r e  
v a r i a t i o n s   a l o n g  some l i q u i d u s   i s o t h e r m s   a r e   g i v e n   i n   F i g s .  6 and  7.  Over 
most of t h e  r a n g e  t h e  t e t r a m e r  is t h e  i m p o r t a n t  s p e c i e s  a t  t h e  t e m p e r a -  
t u r e s  c o n s i d e r e d ,  b u t  for l o w  z i n c  c o n c e n t r a t i o n s  t h e  d i m e r  becomes  domi- 
n a n t  i n  t h e  p h o s p h o r u s  s y s t e m .  
I I I I I I I I I  








0.2 0.4 0.6 
X,, IN LIQUID 
0.8 
FIG. 6. VARIATION OF THE PRESSURE 
OF As4  ALONG THE LIQUIDUS IN THE 
Ga-As-Zn SYSTEM AT 900 "C AND 
1100 C .  The p r e s s u r e  of As2 i s  
n e g l i g i b l e  e x c e p t  a t  t h e  l o w e s t  
p r e s s u r e s .  
T h e  c a l c u l a t e d  p r e s s u r e s  a r e  s u b j e c t  t o  much g r e a t e r  e r r o r s  t h a n  t h e  
c a l c u l a t e d  l i q u i d u s  c u r v e s  s i n c e  i n  o r d e r  t o  u s e  Eq. ( 9 )  w e  have  had t o  
u s e   a n   a p p r o x i m a t e   t h e o r y   t o   b t a i n  y and X ,  a n d   s i n c e ,   i n   a d d i t i o n ,  
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lo3r 1 900 "C 
I n2 
//-TOTAL PRESSURE 
Xp IN LIQUID PHASE 
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X, IN LIQUID PHASE 
a .  900 O C  b.   1250 " C  
FIG. 7 .  VARIATION OF THE  PRESSURE  OF P4 AND P2 AND OF THE  TOTAL 
PHOSPHORUS  PRESSURE  ALONG  THE LIQUIDUS I N  THE Ga-P-Zn SYSTEM. 
over  most of t h e  r a n g e  t h e s e  a p p r o x i m a t e  v a l u e s  a r e  r a i s e d  t o  t h e  f o u r t h  
power.  The e r r o r s  a r e  l i k e l y  t o  be  most s e r i o u s   a t   h i g h   p h o s p h o r u s  or  
a r s e n i c  c o n c e n t r a t i o n s ,  f o r  w h i c h  t h e  b e h a v i o r  o f  t h e  b i n a r y  s y s t e m  is  
less w e l l  known.  However, t h e   d a t a  of F i g s .  6 and 7 shou ld   be   co r rec t  
a s  t o  order  of  magni tude ,  and  in  many c a s e s  t h i s  is s u f f i c i e n t  t o  p e r m i t  
r easonab ly  accu ra t e  p red ic t ions  conce rn ing  the  behav io r  o f  t he  condensed  
phases .  
F.  OTHER  PHASE  DOMAINS 
A s  y e t  t h e r e  is o n l y  s c a n t y  e v i d e n c e  c o n c e r n i n g  o t h e r  r e g i o n s  o f  t h e  
phase  diagram. Some of t h e   r e l e v a n t   e x p e r i m e n t s  w i l l  b e   d i s c u s s e d   i n   t h e  
next  sect ion.  However, i t  is known t h a t  when GaAs is doped  with Zn t h e  
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. . . . 
Zn a toms rep lace  Ga a toms ,  and  tha t  depa r tu re s  f rom s to i ch iomet ry  a re  
sma l l   compared   w i th   t he   z inc   con ten t .   Th i s   imp l i e s   t ha t   t he   r eg ion   o f  
s t a b i l i t y  o f  s o l i d  Zn-doped GaAs is a long ,  nar row reg ion  ex tending  a long  
t h e  50 a tomic  pe rcen t  A s  i s o c o n c e n t r a t  i o n  l i n e ,  a s  shown i n  s c h e m a t i c  
fo rm  in   F ig .  8. E x a c t l y   t h e  same c o n s i d e r a t i o n s   a p p l y   t o  Gap-Zn. 
FIG. 8. A SCHEMATIC  REPRESENTATION 
OF A SOLIDUS  ISOTHERM I N  THE 
Ga-As-Zn SYSTEM. 
Go As 
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111. PHASE RULE CONSIDERATIONS 
The phase  rale g i v e s  t h e  number of i ndependen t  pa rame te r s  r equ i r ed  
t o  s p e c i f y  t h e  s t a t e  of a system  unambiguously.   The  rule  is: 
F = C - P + 2 ,  
where F is t h e  number of degrees   of   reedom, C t h e  number  of com- 
ponents ,   and P t h e  number of p h a s e s .   I n   t h e   t e r n a r y   s y s t e m s   t h e r e   a r e  
three  components  so Eq. (10) becomes F = 5 - P. I t  is  i n s t r u c t i v e   t o  
c a t a l o g u e  t h e  v a r i o u s  p h a s e  d o m a i n s  a n d  t o  a p p l y  t h e  p h a s e  r u l e  i n  e a c h .  
For t h i s  p u r p o s e  w e  c o n s i d e r  t h e  900 OC i s o t h e r m a l  s e c t i o n  of t h e  Ga-As-Zn 
p h a s e   d i a g r a m   s i n c e   t h i s   d e m o n s t r a t e s   s e v e r a l  t y p e s  of behav io r .   Th i s  
s e c t i o n  is shown s c h e m a t i c a l l y  i n  F i g .  9 ,  i n  w h i c h  t h e  r e g i o n s  of e x i s t e n c e  
FIG. 9. SCHEMATIC  TERNARY  PHASE DIAGRAM OF Ga-As-Zn 
AT 900 OC. F o r  p u r p o s e  o f  i l l u s t r a t i o n  t h e  r e g i o n s  
of e x i s t e n c e  of t h e  s o l i d  p h a s e s  h a v e  b e e n  g r o s s l y  
e n l a r g e d .  
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o f  t h e  so l id  p h a s e s  i n  c o n t a c t  w i t h  o n l y  a vapor  are  g r o s s l y  d i s t o r t e d ,  
and in  wh ich  schemat i c  t i e - l i nes  have  been  d rawn .  
1. R e g i o n s   a ,  b - l i q u i d  i n  e q u i l i b r i u m  w i t h  a v a p o r ;  P = 2 ,  F = 3. 
For f i x e d  t e m p e r a t u r e  t w o  p a r a m e t e r s  s p e c i f y  t h e  s y s t e m ,  which can 
b e  f o r  i n s t a n c e  t h e  c o n c e n t r a t i o n  o f  Ga and  of Zn i n  t h e  l i q u i d ,  o r  
t h e  p a r t i a l  p r e s s u r e s  o f  A s  and Zn i n  t h e  v a p o r  4 
2.   Region  c - l i q u i d  w i t h  a c o m p o s i t i o n   o n   t h e   l i q u i d u s   i n   e q u i l i b r i u m  
w i t h  a s o l i d  ( n a m e l y  Zn-doped  GaAs) w i t h  a c o m p o s i t i o n  o n  t h e  s o l i -  
dus ,   and   w i th  a v a p o r ;  P = 3 ,  F = 2 .  For f i x e d  T one  parameter  
is r e q u i r e d .  For i n s t a n c e   i f   t h e   c o n c e n t r a t i o n   o f  Ga i n  t h e  l i q u i d  
i s  s p e c i f i e d  t h i s  f i x e s  a po in t  on t h e  l i q u i d u s ,  a n d  t h e  t i e - l i n e  
f r o m  h e r e  f i x e s  a p o i n t  on t h e  s o l i d u s ,  s o  t h e  s t a t e  o f  t h e  s y s t e m  
is de te rmined .  Most pub l i shed  work  on d i f f u s i o n   o f  Zn i n  GaAs or 
t he  g rowth  o f  Zn-doped c r y s t a l s  o f  GaAs is conce rned  wi th  r eg ion  c 
a t  a v a r i e t y  o f  t e m p e r a t u r e s .  
3 .  R e g i o n s   d ,  e ,  f - t h e s e   a r e   s i m i l a r   t o   r e g i o n  c .  
4 .  Region p - s o l i d  (Zn-doped  GaAs) i n  e q u i l i b r i u m  w i t h  a v a p o r ;  P = 2 ,  
F = 3 .  A t  f i x e d  T t w o   p a r a m e t e r s   a r e   r e q u i r e d ,   w h i c h   c o u l d   b e   f o r  
i n s t a n c e   t h e   p a r t i a l   p r e s s u r e s   o f  Zn and A s  o v e r  t h e  s o l i d .  
4 
5. Region r - a s   i n   r e g i o n  p t h e r e  is a s o l i d  (Ga-doped Zn A s  ) i n  
e q u i l i b r i u m   w i t h  a v a p o r ,  and a t   f i x e d  T two  parameters  w i l l  
s p e c i f y  t h e  s y s t e m .  
3 2  
6 .  Region q - two s o l i d s   w i t h   v a r i a b l e   c o m p o s i t i o n s   c o n n e c t e d  by t i e -  
l i n e s ,   i n   e q u i l i b r i u m   w i t h  a v a p o r ;  P = 3 ,  F = 2 .  A t  f i x e d  T one 
p a r a m e t e r ,   s u c h   a s   t h e   p a r t i a l   p r e s s u r e   o f  A s  s p e c i f i e s   t h e   s t a t e  
of t h e  s y s t e m .  
4 '  
7.  Region   g ,  h - two s o l i d s  (Zn-doped GaAs and  Ga-doped Zn A s  ) i n  
3 2  
e q u i l i b r i u m   w i t h  a l i q u i d  and a v a p o r ;  P = 4 ,  F = 1. A t  f i x e d  T 
t h e r e  a r e  n o  r e m a i n i n g  a v a i l a b l e  d e g r e e s  o f  f r e e d o m ,  s o  t h e  s t a t e  
of t h e  s y s t e m  i s  c o m p l e t e l y   s p e c i f i e d .   T h i s  means t h a t   i n d e p e n d e n t  
o f   whereabou t s   i n   r eg ion  g t h e   c o n s t i t u t i o n  of t h e  s y s t e m  l i e s ,  
s u c h  p a r a m e t e r s  a s  t h e  amount  of Zn d i s s o l v e d  i n  s o l i d  GaAs, t h e  
amount  of Ga d i s s o l v e d   i n  Zn A s  t h e   p a r t i a l   p r e s s u r e   o f  A s  t h e  
d e f e c t   c o n c e n t r a t i o n s   i n  GaAs and Zn A s  and s o  on w i l l  b e   f i x e d  
q u a n t i t i e s  . 
3 2' 4 '  
3 2 '  
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A t  higher  temperatures  in  the Ga-As-Zn system, and a t  a l l  tempera- 
tures  considered here (900 ' C - 1465 ' C )  i n  t h e  Ga-P-Zn system, the phase 
diagram  becomes s impler,  having only three regions;  namely s o l i d  + vapor, 
l i q u i d  + vapor, and s o l i d  + l i q u i d  + vapor, with behaviors corresponding 
t o   r e g i o n s   p ,   a ,  and c above r e s p e c t i v e l y .  
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I V .  A REVIEW OF SOME EXPERIMENTAL  RESULTS 
I n  t h i s  s e c t i o n  some o f  t h e  p u b l i s h e d  e x p e r i m e n t a l  r e s u l t s  w i l l  be 
d i s c u s s e d  i n  r e l a t i o n  t o  t h e  t e r n a r y  p h a s e  d i a g r a m .  I n  many c a s e s  t h e  
r e s u l t s  a r e  e x p r e s s e d  i n  terms of t h e  s o l u b i l i t y  o f  Zn i n  GaP or GaAs. 
Note t h a t  i f  o n l y  c o n d e n s e d  p h a s e s  a r e  o f  i m p o r t a n c e  t h e  s o l u b i l i t y  is 
u s u a l l y  d e f i n e d  as a c o n c e n t r a t i o n  o n  a p h a s e  b o u n d a r y  ( e . g . ,  t h e  s o l u -  
b i l i t y  o f  s a l t  i n  w a t e r  is t h e  c o n c e n t r a t i o n  o f  s a l t  i n  w a t e r  i n  e q u i -  
l i b r i u m  w i t h  s o l i d  s a l t ) ,  w h i l e  i f  a gaseous  phase i s  impor t an t  one  usua l ly  
works within a phase domain rather  than on i ts  boundary  and a p r e s s u r e  
v a r i a b l e  is s p e c i f i e d  ( e . g . ,  o n e  r e f e r s  t o  t h e  s o l u b i l i t y  o f  oxygen i n  
wa te r  a t  a g i v e n  p r e s s u r e ) .  
I n  t h e  t e r n a r y  s y s t e m s  t h e  r e g i o n  o f  s t a b i l i t y  o f  Zn-doped GaP o r  
Zn-doped GaAs is a volume in  the  th ree -d imens iona l  phase  space  bounded  
by t h e  c o n s t i t u t i o n  t r i a n g l e  and t h e   t e m p e r a t u r e   a x i s .   F o r   p o i n t s   w i t h i n  
t h i s  volume t h r e e  p a r a m e t e r s  a r e  r e q u i r e d  t o  s p e c i f y  t h e  s y s t e m  w h i l e  for 
p o i n t s  on t h e  b o u n d a r y  t w o  p a r a m e t e r s  a r e  r e q u i r e d  i n  g e n e r a l ,  a l t h o u g h  
when s o l i d  Zn A s  is p r e s e n t   t o g e t h e r   w i t h  a l i q u i d   o n l y   o n e   p a r a m e t e r  
s u f f i c e s .  One f r e q u e n t l y  sees i n   t h e   l i t e r a t u r e   s t a t e m e n t s   c o n c e r n i n g  
t h e   s o l u b i l i t y   o f   i m p u r i t y  Y i n  a b i n a r y  compound MX a t  a g iven  t e m -  
p e r a t u r e  or a s  a f u n c t i o n  of t e m p e r a t u r e .   C l e a r l y   t h e s e   s t a t e m e n t s   h a v e  
no p r e c i s e  m e a n i n g  u n l e s s  t h e  o t h e r  p h a s e s  i n  e q u i l i b r i u m  w i t h  t h e  d o p e d  
s o l i d  a r e  s p e c i f i e d ,  t o g e t h e r  w i t h  a s  many i n d e p e n d e n t  v a r i a b l e s  a s  a r e  
r e q u i r e d  b y  t h e  P h a s e  R u l e .  I d e a l l y  o n e  w o u l d  l i k e  t h e s e  v a r i a b l e s  t o  b e  
t h e  thermodynamic   ones ,   bu t   for   p rac t ica l   purposes  it may b e  s u f f i c i e n t  
t o  s t a t e  s u c h  t h i n g s  a s  t h e  volume  of t he  enc losu re  and  the  amoun t s  o f  
t h e   r e a c t   a n t s  . 
3 2  
McCaldin  [Ref. 31 h a s   i n v e s t i g a t e d   t h e   r e l a t i o n   b e t w e e n   z i n c   c o n c e n -  
t r a t i o n s  i n  s o l i d  GaAs and i n  t h e  g a s  p h a s e  a t  1000 "C f o r  t h r e e  c o n d i -  
t i o n s  o f  a r s e n i c  p r e s s u r e ,  namely 1 a t s ,  0 . 1 7  a t s ,  a n d  t h e  p r e s s u r e  
produced when on ly  GaAs and Zn are   added t o  t h e   s y s t e m .   T h i s   l a s t   c o n -  
d i t i o n  p r o b a b l y  c o r r e s p o n d s  t o  w o r k i n g  o n  t h e  s o l i d u s  b o u n d a r y ,  a l t h o u g h  
i n s u f f i c i e n t   e x p e r i m e n t a l   d e t a i l s   a r e   g i v e n  t o  make t h i s  c e r t a i n ,  We can  
map r eg ion  p of F i g ,  9 by t a k i n g  a s  l o g a r i t h m i c  c o - o r d i n a t e s  t h e  a r s e n i c  
p r e s s u r e   a n d   t h e   z i n c   c o n c e n t r a t i o n   i n   a t o m s   p e r   u n i t   v o l u m e .  On an 
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i s o t h e r m a l  s e c t i o n  w e  can  d raw con tour  l i nes  #of c o n s t a n t  a r s e n i c  p r e s s u r e  
and of c o n s t a n t   z i n c   p r e s s u r e .   R e s t a t e d   i n   t h e s e  terms, McCaldin's ex- 
p e r i m e n t s  p r o v i d e  i n f o r m a t  i o n  o n  t h e  p o s i t  i o n s  o f  t h e s e  c o n t o u r s .  I n  
F i g .  10 a schemat i c  plot  of t h i s  type is shown. 
I " I I I I I  
6  IO-^ IO+ I 
PRESSURE OF As, (atmospheres) 
I 
IO2 
FIG. 10. A SCHEMATIC DIAGRAM OF THE  REGION OF 
EXISTENCE OF SOLID  GaAs I N  THE Ga-As-Zn SYSTEM 
AT 1000 " C .  Zinc  isobars   f rom  McCaldin 's  ex- 
per iments   and a p o i n t  o n  t h e  s o l i d u s  f r o m  
Chang  and P e a r s o n ' s  e x p e r i m e n t s  a r e  i n d i c a t e d .  
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Chang  and  Pearson  [Ref.  81 d i f f u s e d  Zn i n t o  GaP and GaAs a t  s e v e r a l  
t e m p e r a t u r e s  a n d  m e a s u r e d  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  Zn,  which  they 
t o o k  t o  b e   t h e   s o l u b i l i t y .   U s i n g   t h e   c o m p o s i t i o n   a n d   p r e s s u r e   v a r i a t i o n s  
a l o n g  t h e  l i q u i d u s  a s  c a l c u l a t e d  a b o v e ,  i t  is p o s s i b l e  t o  show t h a t  u n d e r  
t h e i r  c o n d i t i o n s  t h e  l i q u i d  p h a s e  h a d  a c o m p o s i t i o n  c l o s e  t o  the  pseudo-  
b i n a r y   l i n e  ( i . e . ,  Gap-Zn or GaAs-Zn l ines ) ,   a s   t hey   a s sumed .   However ,  
t h e i r  a s s u m p t i o n  t h a t  t h e  s o l i d  p h a s e  a l s o  h a d  t h e  p s e u d o - b i n a r y  compo- 
s i t i o n  is less l i k e l y  t o  b e  c o r r e c t  s i n c e  t h i s  i m p l i e s  t h a t  a n e u t r a l  
a r s e n i c  v a c a n c y  i s  p roduced  fo r  each  Zn a t o m  e n t e r i n g  t h e  l a t t i c e .  
S i n c e  i n  Chang  and P e a r s o n ' s  e x p e r i m e n t s  t h e  c o m p o s i t i o n  o f  t h e  l i q u i d  
phase   can   be   found,  i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  a r s e n i c  p r e s s u r e  o v e r  
t h e i r  s y s t e m  by u s i n g   F i g .  6 .  A t  a g i v e n   t e m p e r a t u r e   t h e i r   r e s u l t s   t h e r e -  
f o r e  g i v e  a p o i n t  o n  t h e  s o l i d u s  c u r v e  d e f i n e d  i n  terms o f  t h e  c o n c e n t r a -  
t i o n  of Zn i n  s o l i d  GaAs and  of t h e  a r s e n i c  p r e s s u r e ,  i . e . ,  i n  terms of 
F i g .  10. This   g ives   the   connec t ion   be tween  McCald in ' s   and  Chang  and 
Pea r son ' s   expe r imen t s :   McCa ld in   worked   w i th in   t he   so l idus   vo lume ,  Chang 
and  Pearson  worked  on i t s  boundary,  
Trumbore et  a 1   [ R e f .  91 m e a s u r e d   t h e   d i s t r i b u t i o n   c o e f f i c i e n t   o f  Zn 
between a g a l l i u m - r i c h  melt i n  t h e  Ga-P-Zn sys t em  and   so l id  Gap.  In terms 
of t h e  t e r n a r y  p h a s e  d i a g r a m  t h e i r  r e s u l t s  d e t e r m i n e  t h e  p o s i t i o n s  o f  t h e  
t i e - l i n e s  between t h e  l i q u i d u s  a n d  s o l i d u s  c u r v e s  a t  t h e  t e m p e r a t u r e  o f  
t h e i r   e x p e r i m e n t s   ( 1 0 4 0   " C ) .   A l t h o u g h   i n   t h i s   p a r t i c u l a r   c a s e   t h e   e x e r c i s e  
i s  less u s e f u l ,  i t  i s  p o s s i b l e  t o  r e s t a t e  t h e s e  r e s u l t s  a s  d e f i n i n g  a por -  
t i o n  of t h e  s o l i d u s  c u r v e  on a p l o t  o f   phosphorus   p re s su re   aga ins t   z inc  
c o n c e n t r a t i o n ,   a n a l o g o u s   t o   t h e  GaAs-Zn case   d i scussed   above .  To do t h i s  
one   u ses   t he   l i qu idus   o f   F ig .  5 t o  d e t e r m i n e  t h e  l i q u i d  c o m p o s i t i o n s  and 
t h e n  F i g .  7 c a n  b e  u s e d  t o  f i n d  t h e  p h o s p h o r u s  p r e s s u r e  o v e r  t h e  s y s t e m .  
Chang  and P e a r s o n ' s  r e su l t s  o n  t h e  Gap-Zn s y s t e m  c a n  b e  d i s p l a y e d  i n  t h e  
same  way, t hus  showing  the  connec t ion  be tween  the  two  expe r imen t s .  
A number  of o t h e r  e x p e r i m e n t s  o n  t h e  Ga-P-Zn and Ga-As-Zn systems have 
been  per formed,  bu t  those  ment ioned  above  are  the  ones  which  g ive  the  most  
e x a c t   i n f o r m a t i o n .  From t h e   d i s c u s s i o n   t w o   p o i n t s   e m e r g e .   F i r s t l y ,  by 
t h e  u s e  o f  t h e  l i q u i d u s  a n d  p r e s s u r e  c u r v e s  it  is p o s s i b l e  t o  r e l a t e  a 
number  of exper iments  of d i f f e r e n t  t y p e s  t o  e a c h  o t h e r  by way of t h e  
t e rna ry   phase   d i ag ram.   Unfo r tuna te ly ,   expe r imen ta l   da t a   conce rn ing   t hese  
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c u r v e s  a r e  l a c k i n g  e x c e p t  i n  t h e  c a s e  o f  t h e  Ga-As-Zn l i q u i d u s  s u r f a c e ,  
and w e  have  had t o  r e l y  on a t h e o r e t i c a l  a p p r o x i m a t i o n .  C l e a r l y  i t  would 
be   an   advantage   to   have  more e x p e r i m e n t a l   d a t a .   S e c o n d l y ,   s o l u b i l i t y   i n  
t h e  t e r n a r i e s  must  be s t a t e d  i n  terms of a v a r i a b l e  a d d i t i o n a l  t o  t h e  
t e m p e r a t u r e .   E x p e r i m e n t a l   c o n v e n i e n c e   s u g g e s t s   t h a t  a good  choice  of 
v a r i a b l e  is t h e   a r s e n i c   o r   p h o s p h o r u s   p r e s s u r e .   W i t h i n   t h e   s o l i d u s  
boundary y e t  a n o t h e r  v a r i a b l e  mus t  be s p e c i f i e d  t o  d e f i n e  t h e  s o l u b i l i t y ,  
and a good choice  might  be  the  z inc  pressure .  
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V. APPLICATION TO DIFFUSION 
A.  DYNAMIC EQUILIBRIUM 
The p o i n t  was made i n  
p r o c e s s e s  i t  is n e c e s s a r y  
t h e  I n t r o d u c t i o n  t h a t  i n  s t u d y i n g  d i f f u s i o n  
t o  d e t e r m i n e  w h i c h  a r e  t h e  r a t e - l i m i t i n g  s t e p s ,  
e i t h e r  by e x p e r i e n c e  or by d i r e c t  e x p e r i m e n t .  It may t h e n  b e  p o s s i b l e  t o  
t r e a t  some p a r t s  of t h e  s y s t e m  as  be ing  in  dynamic  equ i l ib r ium and  the re -  
f o r e  d e s c r i b a b l e  by t h e  methods  of  equilibrium  thermodynamics.   In manu- 
f a c t u r i n g  p r o c e s s e s  i t  can  be  advantageous t o  have  as  many p a r t s  of t h e  
s y s t e m  a s  p o s s i b l e  i n  d y n a m i c  e q u i l i b r i u m  s i n c e  t h i s  w i l l  min imize  the  
e f f e c t s  o f  p a s t  h i s t o r y  of t h e  m a t e r i a l s  a n d  t h e r e b y  l e a d  t o  g r e a t e r  manu- 
f a c t u r i n g   u n i f o r m i t y  . 
Suppose  for  example  tha t  Zn and GaP a r e  h e a t e d  t o g e t h e r  t o  s a y  1000 ’ C 
i n  a s i l i c a  a m p o u l e ,  I f  t h e  z i n c  a n d   g a l l i u m   p h o s p h i d e   a r e   i n i t i a l l y  
s e p a r a t e ,  t h e n  some z i n c  w i l l  v a p o r i z e ,  a n d  s i n c e  t h e  e q u i l i b r i u m  p r e s -  
s u r e  of Zn ove r  pu re  GaP is less t h a n  t h a t  o v e r  p u r e  Zn, t h e  v a p o r  w i l l  
condense   and   d i s so lve  some  Gap.  The s o l u t i o n  w i l l  l o s e  a l i t t l e  phosphorus 
and a n e g l i g i b l e  amount of g a l l i u m  t o  t h e  v a p o r  p h a s e .  The processes   o f  
evapora t ion  f rom a l i q u i d  a n d  t r a n s p o r t  i n  t h e  g a s  p h a s e  a r e  l i k e l y  t o  be 
r a p i d  compared w i t h  d i f f u s i o n  p r o c e s s e s ,  so  it  may b e  p o s s i b l e  t o  t a k e  t h e  
v a p o r ,  t h e  l i q u i d ,  a n d  a small   volume of t h e  s o l i d  i n  c o n t a c t  w i t h  t h e  
l i q u i d  a s  h a v i n g  c o m p o s i t i o n s  c l o s e  t o  t h e  e q u i l i b r i u m  v a l u e s  r e p r e s e n t e d  
by a p o i n t  on the   phase   d i ag ram.  On t h e   o t h e r   h a n d ,   s u p p o s e   t h a t  a c r y s t a l  
of GaAs and a d i l u t e  s o l u t i o n  of Zn i n  Ga a r e  p l a c e d  a t  t h e  o p p o s i t e  e n d s  
of a c l o s e d  t u b e  h e a t e d  t o  s a y  850 OC. Zinc w i l l  r a p i d l y  e v a p o r a t e  a n d  
d i s t r i b u t e  i t s e l f  b e t w e e n  t h e  s u r f a c e  of t h e  GaAs and t h e  l i q u i d  Ga. 
There w i l l  be some d e c o m p o s i t i o n  a t  t h e  s u r f a c e  of t h e  GaAs and a r s e n i c  
w i l l  go i n t o  t h e  v a p o r  p h a s e ,  t r a v e l  down t h e  t u b e  a n d  d i s s o l v e  i n  t h e  
l i q u i d  Ga. A t  850 OC t h i s  t r a n s f e r  of a r s e n i c  w i l l  b e   s l o w ,   s i n c e   t h e  
p r e s s u r e  d i f f e r e n c e s  i n v o l v e d  a r e  s m a l l ,  s o  d u r i n g  t h e  c o u r s e  o f  a t y p i c a l  
d i f f u s i o n  e x p e r i m e n t  t h e  l i q u i d  p h a s e  may be a long  way  away from equi-  
l i b r i u m ,  and the  geomet ry  o f  t he  equ ipmen t  can  be  an  impor t an t  f ac to r  i n  
d e t e r m i n i n g  t h e  d i f f u s i o n  p a r a m e t e r s .  
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B. RELATION  BETWEEN  EXPERIMENTAL AND THERMODYNAMIC QUANTITIES 
Once o n e  h a s  d e c i d e d  w h i c h  p a r t s  o f  t h e  s y s t e m  a r e  i n  d y n a m i c  e q u i -  
l i b r i u m ,  t h e  n e x t  s t e p  is t o  re la te  the  masses  o f  t he  componen t s  and  the  
container  volume t o  t h e  t h e r m o d y n a m i c  p a r a m e t e r s ,  i n  p a r t i c u l a r  t h e  
q u a n t i t i e s  and composi t ions of t h e  v a r i o u s  p h a s e s  p r e s e n t .  
I n  S e c t i o n  I1 the  compos i t ions  o f  t he  condensed  phases  were d i s c u s s e d  
and a method was p r e s e n t e d  f o r  e s t i m a t i n g  t h e  p h o s p h o r u s  or a r s e n i c  v a p o r  
pressure o v e r  t h e  l i q u i d u s  s u r f a c e .  The g a l l i u m   v a p o r   p r e s s u r e  is  every-  
w h e r e   n e g l i g i b l e   f o r   t h e   t e m p e r a t u r e s   u n d e r   c o n s i d e r a t i o n .  To complete  
t h e  d e s c r i p t i o n  o f  t h e  s y s t e m  i t  is n e c e s s a r y  t o  know t h e  z i n c  v a p o r  
p re s su re   ove r   t he   compos i t ion   d i ag ram.   Un t i l   expe r imen ta l   da t a  become 
a v a i l a b l e  t h i s  h a s  t o  be   e s t ima ted .  We s h a l l  assume t h a t  a r e a s o n a b l e  
approximat  ion is ob ta ined  by us ing  Raoul t  's law. 
I n  p r i n c i p l e  t h e  a c t i v i t i e s  o f  g a l l i u m  and a r s e n i c  e s t i m a t e d  i n  S e c -  
t i o n  I1 can  be  used  toge the r  w i th  a Gibbs-Duhem e q u a t i o n  t o  e s t i m a t e  t h e  
z i n c  a c t i v i t y  i n  t h e  t e r n a r y ,  and  hence  the  z inc  vapor  p re s su re  ove r  t he  
l i q u i d u s .   T h i s   a p p r o a c h   g i v e s  a c a l c u l a t e d   v a l u e   w h i c h  is removed  from 
f i r m  e x p e r i m e n t a l  d a t a  by t o o  many s t e p s  of approx ima t ion ,  and  th i s  is 
why w e  choose   t he   Raou l t ' s   l aw   approach .  However, i t  is n e c e s s a r y   t o  
d e m o n s t r a t e   t h a t   t h i s  is r e a s o n a b l e .  It  i s  e a s i l y  shown t h a t   t h e   G i b b s -  
Duhem e q u a t i o n  r e d u c e s  t o  t h e  f o r m :  




when t h e  a p p r o x i m a t i o n  c o n c e r n i n g  a c t i v i t y  c o e f f i c i e n t s  d i s c u s s e d  i n  S e c -  
t i o n  I1 is u s e d .   T h e   a c t i v i t y   c o e f f i c i e n t s   g i v e n  by  Thurmond d e v i a t e  less 
t h a n  30 p e r c e n t  f r o m  u n i t y  f o r  3 < 0.5 i n  t h e  Ga-P-Zn system  and 
xAS < 0 . 7  i n  t h e  Ga-As-Zn s y s t e m ,  w h i l e  i n  t h e  Ga-Zn s y s t e m  t h e  a c t i v i t y  
c o e f f i c i e n t   o f  Zn changes  only  from 1 . 0  t o  1 . 3  a s  X v a r i e s   f r o m  1 .0  t o  
0.35. S i n c e   z i n c   v a p o r  is monatomic, t he   depa r tu re   f rom  Raou l t ' s   l aw  is 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e v i a t i o n  o f  t h e .  a c t i v i t y  c o e f f i c i e n t  f r o m  
u n i t y ,  so  ove r  most  of t h e  c o m p o s i t i o n  a n d  t e m p e r a t u r e  r a n g e s  o f  i n t e r e s t  
Raoul t ' s   l aw w i l l  be a u se fu l   app rox ima t ion .   (The   vapor  is much l i g h t e r  
Zn 
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t h a n  t h e  l i q u i d ,  s o  a 30 p e r c e n t  e r r o r  i n  t h e  w e i g h t  of t h e  v a p o r  w i l l  
make v e r y  l i t t l e  c h a n g e  i n  t h e  w e i g h t  of the  condensed  components ,  in  
which w e  a r e  c h i e f l y  i n t e r e s t e d . )  
B e c a u s e  t h e  p h a s e  b o u n d a r i e s  i n  t h e  t e r n a r y  p h a s e  d i a g r a m  a r e  n o t  
r e p r e s e n t e d  b y  s i m p l e  a n a l y t i c  e x p r e s s i o n s ,  it is  n o t  p o s s i b l e  t o  proceed 
d i r e c t l y  f r o m  t h e  w e i g h t s  of t h e  c o m p o n e n t s  t o  a p o i n t  o n  t h e  p h a s e  d i a -  
gram.  Rather ,   one  has  t o   g u e s s   a p p r o x i m a t e l y   w h e r e   o n   t h e   d i a g r a m   t h e  
s y s t e m  l ies ,  ca l cu la t e   t he   amoun t s   o f   t he   componen t s ,   and   t hen   r epea t   t he  
p r o c e s s  f o r  n e i g h b o r i n g  p o i n t s  u n t i l  t h e  c a l c u l a t e d  a m o u n t s  a g r e e  w i t h  
t h o s e   u s e d   i n   a n   a c t u a l   e x p e r i m e n t .  The fol lowing  example w i l l  i l l u s t r a t e  
t h i s  p r o c e d u r e .  
A c losed  ampoule,   volume 2 cm , c o n t a i n s  0.3 gms  GaAs and 2 .6  mgm Zn. 3 
I t  is h e a t e d  t o  9 0 0  OC f o r  a d i f f u s i o n   e x p e r i m e n t .  We e x p e c t   t h a t   t h e r e  
w i l l  be a vapor   phase   con ta in ing  Zn and A s  and a n e g l i g i b l e  amount of Gal 
a l i q u i d  p h a s e  c o n t a i n i n g  Ga, A s ,  and  Zn,  and a s o l i d  p h a s e  of GaAs con- 
t a i n i n g   n e g l i g i b l e   w e i g h t   o f  Zn. We a l s o  e x p e c t  t h e  l i q u i d  t o  h a v e  a 
composi t ion  somewhere  near   the GaAs-Zn l i n e ,   b u t   s i n c e  some A s  i s  l o s t  
t o  t h e  v a p o r  t h e  l i q u i d  c o m p o s i t i o n  w i l l  b e  s l i g h t l y  t o  t h e  Ga s i d e  of 
t h i s  l i n e .  
4 
4 
A t  900 OC XZn - 0 .6  and  the  vapor  pressure  of  pure  Zn is 0 . 9 2  a t s ,  
so b y   R a o u l t ' s   l a w   t h e   p r e s s u r e  of Zn i n  t h e  s y s t e m  is  0.55 a t s .  The 
weight  of 2 c m  of Zn v a p o r   a t  0 . 5 5  a t s  a t  900 OC is  0.63 mgm. The weight 
of Zn i n  t h e  l i q u i d  p h a s e  i s  t h e r e f o r e   a b o u t  2 mgm. From t h e  p h a s e  d i a -  
gram w e  c a n  f i n d  v a l u e s  o f  X 
n e a r  t h e  GaAs-Zn l i n e ,  and  knowing  the  weight of Zn w e  can  conve r t  t hese  
c o n c e n t r a t i o n s   t o   w e i g h t s .   S i n c e   t h e   s o u r c e  of Ga and A s  is GaAs, t h e  
d i f f e r e n c e  X - t e l l s  us  how much a r s e n i c  h a s  g o n e  i n t o  t h e  v a p o r  
phase.  From t h i s  w e  c a n   c a l c u l a t e   t h e   a r s e n i c   p r e s s u r e   a n d   c o m p a r e   t h i s  
w i t h  t h e  p r e s s u r e  f o u n d  f r o m  t h e  p r e s s u r e - c o m p o s i t i o n  c u r v e  o f  t h e  p h a s e  
diagram.  For some p o i n t   o n   t h e   l i q u i d u s   t h e s e   t w o   p r e s s u r e s  w i l l  a g r e e  
3 
Ga' 'As' Zn and X f o r   p o i n t s  on t h e   l i q u i d u s  
Ga 'As 
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and t h i s  w i l l  b e  t h e  p o i n t  d e s c r i b i n g  t h e  s y s t e m .  The fo l lowing   quan t i -  
t a t   i v e   v a l u e s   a p p l y  : 
- .. - 
'As 
0.195 
l .  





0 .26  
~~ 
'Zn 







A s  i n   v a p o r  4 
0 
0.13 mgm 
0.33 m g m  
'As, I 'AS, from I 
c a l c u l a t e d  I phase  diagram I 
0 8 a t s  
2 . 1   a t s  
3 a t s  5 . 4   a t s  
6 a t s  
It w i l l  b e  s e e n  t h a t  i n  t h i s  e x a m p l e  t h e  p o i n t  a t  w h i c h  t h e  c a l c u l a t e d  
A s 4  p r e s s u r e  e q u a l s  t h a t  d e t e r m i n e d  f r o m  t h e  p h a s e  d i a g r a m  w i l l  l i e  ve ry  
c l o s e  t o  t h e  GaAs-Zn l i n e   a l o n g   w h i c h  X - A s  - 'Ga' 
A s  another  example  suppose  tha t  a c r y s t a l  o f  GaP i s  h e a t e d  t o  1000 OC 
n 
i n  a n  ampoule  of 2 c m  vo lume   t oge the r   w i th   2 .5  mgm of z i n c  a n d  t h a t  i n  
o r d e r   t o   r e d u c e   s u r f a c e   d e t e r i o r a t i o n   e x t r a   p h o s p h o r u s  is added. From 
t h e  l i q u i d u s  a n d  p r e s s u r e  c u r v e s  i t  is p o s s i b l e  t o  c a l c u l a t e  t h e  w e i g h t  
o f  g a l l i u m  i n  t h e  l i q u i d  and t h e  amount  of  phosphorus i n  e x c e s s  o f  t h a t  
p rovided  by t h e  g a l l i u m  p h o s p h i d e ,  t h i s  b e i n g  s i m p l y  t h e  w e i g h t  o f  p h o s -  
p h o r u s   a d d e d .   S i n c e   t h e   g a l l i u m   i n   t h e   l i q u i d   p h a s e  comes  from  dissolu- 
t i o n  of  Gap, i ts  weight i s  a m e a s u r e   o f   s u r f a c e   a t t a c k .   F i g u r e  11 shows 
t h e  r e s u l t  of t h e  c a l c u l a t i o n  and i t  w i l l  b e  s e e n  t h a t  i n  t h i s  c a s e  t h e  
a d d i t i o n  o f  a sma l l  amount  of  phosphorus w i l l  g i v e  a b e t t e r  s u r f a c e ,  b u t  
t o o  much w i l l  make ma t t e r s  worse .  
3 
C. SOME CONSEQUENCES 
The  comple t e  t e rna ry  phase  d i ag ram con ta ins  a wea l th  o f  i n fo rma t ion .  
J u s t  a few impor t  an t  po in ts  w i l l  b e  n o t e d  h e r e ,  a s  b e i n g  r e p r e s e n t  a t  i v e  
of t h e  p o s s i b l e  a p p l i c a t i o n s .  
S u r f a c e  d e t e r i o r a t i o n  h a s  b e e n  t r e a t e d  a b o v e  a s  a s o l u t i o n  e f f e c t ,  
r a t h e r  t h a n  a d e c o m p o s i t i o n  e f f e c t ,  e x c e p t  when a d i l u t e  z i n c  s o u r c e  is  
used.   This   has   been  emphasized  by  Loescher   [Ref .  l o ] .  I f   s u r f a c e   d e t e -  
r i o r a t i o n  were d u e  t o  d e c o m p o s i t i o n  t h e n  a d d i t i o n  o f  a r s e n i c  or phosphorus 
w o u l d  a l w a y s  r e s u l t  i n  b e t t e r  s u r f a c e s ,  b u t  F i g .  11 shows t h a t  a l t h o u g h  


















L L  
0 




WEIGHT OF PHOSPHORUS ADDED (mgm) 
3 
FIG. 11. THE VARIATION OF  SURFACE  DISSOLUTION  OF  GaP 
BY Z I N C  AS A FLJNCT ION OF  EXCESS  PHOSPHORUS ADDED, 
CALCULATED FROM THE THEORETICAL PHASE DIAGRAM. Con- 
d i t  i o n s  a r e  ampoule  volume 2 c m 3 ,  weight  of  z inc 
2 . 5  mgm, tempera ture   1000 'C.  
t h e  a d d i t i o n  of a l i t t l e  phosphorus w i l l  i m p r o v e  t h e  s u r f a c e ,  a d d i t i o n  
o f   t oo  much can  make it  worse.  Moreover,  the  optimum amount w i l l  depend 
on t h e  amount  of z i n c  p r e s e n t  a n d  t h e  t e m p e r a t u r e .  
I n  t h e  Ga-As-Zn s y s t e m  t h e  e x i s t e n c e  of a Zn A s  phase  produces some 
3 2  
i n t e r e s t i n g   p o s s i b i l i t i e s .  (Below 771 OC ZnAs  may o c c u r .   D i f f u s i o n  
e x p e r i m e n t s  a r e  n o r m a l l y  c a r r i e d  o u t  a b o v e  t h i s  t e m p e r a t u r e  a n d  i f  ZnAs 
is added t o  t h e  s y s t e m ,  i t  w i l l  decompose i n t o   o t h e r   p h a s e s . )   I f   o n e  
works i n  r e g i o n  q  of F i g .  9 t h e r e  is n o  l i q u i d  p h a s e ,  so s u r f a c e  d e t e r i o -  
r a t i o n  of t h e  GaAs w i l l  be a t  a  minimum. Note t h a t  i n  o r d e r  t o  r e a c h  t h i s  
r e g i o n  i t  w i l l  n o t  b e  s u f f i c i e n t  s i m p l y  t o  p l a c e  s o l i d  Zn A s  and GaAs i n  
a n  a m p o u l e  u n l e s s  t h e i r  a m o u n t s  a r e  l a r g e  e n o u g h  i n  r e l a t i o n  t o  t h e  v o l u m e :  
o t h e r w i s e  i n  o r d e r  t o  e s t a b l i s h  t h e  e q u i l i - b r i u m  v a p o r  c o m p o s i t i o n  e n o u g h  
decomposi t ion may o c c u r  t o  move t h e  s y s t e m  ove r  a phase  boundary.  Again,  
2 
2 
3 2  
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i n  o r d e r  t o  a c h i e v e  r e p r o d u c i b i l i t y  i t  may be advantageous t o  work i n  t h e  
fou r -phase  r eg ion  g of  F ig .  9 s i n c e  t h e n  a t  a g i v e n  t e m p e r a t u r e  t h e  s y s -  
t e m  is i n v a r i a n t ,  i .e . ,  small changes  in  the  amoun t s  o f  ma te r i a l  p l aced  
i n  t h e  ampoule w i l l  h a v e  n o  e f f e c t  o n  t h e  z i n c  a n d  a r s e n i c  p r e s s u r e s  a n d  
so on. On t h e  o t h e r  h a n d  a l t h o u g h  t h e  c o m p o s i t i o n s  o f  t h e  p h a s e s  ' d o  n o t  
v a r y  i n  r e g i o n  g t h e  r e l a t i v e  amounts  do ,  and  technica l ly  it may be use- 
f u l  t o  p e r f o r m  a d i f f u s i o n  w i t h  t h e  s y s t e m  b e i n g  i n  r e g i o n  g but close t o  
the  boundary  of  reg ion  g s i n c e  t h i s  w i l l  g i v e  a d i f f u s i o n  p r o c e s s  w h i c h  
is i n s e n s i t i v e  t o  s m a l l  c h a n g e s  i n  t h e  c o n d i t i o n s  a n d  w h i c h  s i m u l t a n e o u s l y  
produces  l i t t l e  s u r f a c e  d e t e r i o r a t i o n .  
I f  z i n c  is  d i f f u s e d  i n t o  GaAs a t  1000  OC a n d  e x t r a  a r s e n i c  is added 
t o  t h e  s y s t e m ,  t h e n  t h e  a r s e n i c  p r e s s u r e  w i l l  va ry  smoo th ly  wi th  the  
amount  of a r sen ic   added .  A t  900 OC t h i s  w i l l  n o  l o n g e r  b e  t r u e  s i n c e  
t h e  r a t e  of  change  of  pressure  wi th  weight  of  added a r s e n i c  w i l l  v a r y  
g r e a t l y   b e t w e e n   t h e   d i f f e r e n t   r e g i o n s   o f   t h e   p h a s e   d i a g r a m .  I t  is  es- 
s e n t i a l  t o  b e a r  t h i s  i n  mind when c a l c u l a t i n g  s a y  t h e  v a r i a t i o n  of vacancy 
c o n c e n t r a t i o n  w i t h  a r s e n i c  p r e s s u r e  a n d  i t s  e f f e c t  o n  d i f f u s i o n .  
F i n a l l y ,  t h e  o b v i o u s  p o i n t  c a n  be made t h a t  d i f f u s i o n  i n t o  e l e m e n t a l  
semiconductors  is o f t e n  c a r r i e d  o u t  i n  an  open-tube  flow s y s t e m  a s  t h i s  
i s  r a t h e r  c o n v e n i e n t ,  b u t  f o r  compound s e m i c o n d u c t o r s  t h i s  t y p e  of s y s t e m  
w i l l  o n l y  be u s e f u l  when the  des i red  vapor  composi t ion  has  been  found f rom 
the  phase  d i ag ram and  the  compos i t ion  of t h e  g a s  f l o w  a d j u s t e d  a c c o r d i n g l y .  
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V I .  CONCLUS IONS 
1) Al though  d i f fus ion  is a k i n e t i c  p r o c e s s ,  i n  a t y p i c a l  d i f f u s i o n  
e x p e r i m e n t  s e v e r a l  p a r t s  o f  t h e  s y s t e m  may b e  i n  q u a s i - e q u i l i b r i u m  a n d  
t h e r e f o r e  a m e n a b l e  t o  s t u d y  by the  techniques  of  thermodynamics .  
2 )  The l i q u i d u s  c o m p o s i t i o n s  a n d  t h e  p r e s s u r e  of phosphorus or a r s e n i c  
o v e r  t h e  l i q u i d u s  i n  t h e  Ga-P-Zn and Ga-As-Zn sys t ems  can  be  ca l cu la t ed  
f rom the  Ga-P and Ga-As b i n a r y  sys t ems  by  making a s imple  approximat ion  
c o n c e r n i n g  a c t i v i t y  c o e f f i c i e n t s .  
3)  S e v e r a l  a p p a r e n t l y  d i f f e r e n t  t y p e s  of exper iment   can   be   cor re la ted  
by c o n s i d e r i n g  t h e m  a s  d e s c r i b i n g  v a r i o u s  c r o s s - s e c t i o n s  o f  t h e  t e r n a r y  
phase diagram. 
4 )  When g i v i n g  t h e  r e s u l t s  of  an experiment  in  which a b i n a r y  com- 
pound is  doped  wi th  an  impur i ty ,  i t  is a d v i s a b l e  t o  u s e  t h e  P h a s e  R u l e  t o  
c h e c k  t h a t  t h e  e x p e r i m e n t a l  c o n d i t i o n s  a r e  c o m p l e t e l y  s p e c i f i e d .  
5 )  Knowledge  of t he  phase  d i ag ram is a n e c e s s a r y  i n t e r m e d i a t e  when 
der iving thermodynamic parameters  such as  pressures  of  the components  
f r o m  i n i t i a l  w e i g h t s  of the components .  
6 )  S u r f a c e  d e t e r i o r a t i o n  d u r i n g  d i f f u s i o n  o f  z i n c  i n t o  g a l l i u m  p h o s -  
ph ide  or a r s e n i d e  is g e n e r a l l y  d u e  t o  d i s s o l u t i o n  r a t h e r  t h a n  d e c o m p o s i -  
t i o n .   I n   m i n i m i z i n g   d e t e r i o r a t i o n  a knowledge  of t he   phase   d i ag ram is 
u s e f u l  . 
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